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Abstract 

The Glauber model analysis of the elastic ®’®He+p scattering data at energies around 700 
MeV/nucleon, measured in two separate experiments at GSI-Darmstadt, has been done using 
several phenomenological parametrizations of the nuclear matter density. By taking into account 
the new data points measured at the high momentum transfer, the nuclear matter radii of ®’®He 
were accurately determined from the Glanber model analysis of the data, with the spin-orbital in¬ 
teraction explicitly taken into account. The well-known geometry for the core and dineutron halo 
has been used with the new parametrizations of the ®He density to extract the detailed information 
on the structure of ®He in terms of the core and dineutron halo radii. An enhanced sensitivity of 
the data measured at the high momentum transfer to the core part of the ®’®He densities has been 
found. 

PACS numbers: 21.10.Gv, 25.10.-bs, 25.40.Cm, 25.60.Bx 
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I. INTRODUCTION 


As ®’®He beams with high energy resolution and intensity became available at different 
radioactive ion beam facilities around the world, these unstable helium isotopes are among 


the most studied light neutron-rich nuclei, 
interaction cross section in the late eighties 


0 


Aer since the pioneering measurement of the 
2| which lead to the discovery of the extended 


density distribution of the valence halo neutrons in ®’®He, many recent experimental efforts 
are still focused on a more precise determination of the nuclear radii and radial shape of 


these nuclei by different methods j^. The elastic proton scattering in inverse kinematics at 
energies around 700 MeV has been proven to be an accurate method to obtain information on 
the nuclear density distributions of the halo nuclei under study jd-?]. The hrst experiment 
on the (inverse kinematics) elastic proton scattering on ®’®He at energies around 700 MeV 
has been performed at GSI Darmstadt using the hydrogen-hlled ionization chambe^IKAR 
which simultaneously served as a gas target and a detector for the recoil pro 
the measured elastic scattering data were analyzed within the Glauber model 


ons [8j, and 
3 to deduce 


the matter radii and radial shape of the nuclear density distributions of these nuclei 10|. 
These same data were also studied in a Glauber few-body calculation of the elastic ®’®He-|-p 
ll| , where the few-body degrees of freedom were treated explicitly. We note that 


scattering 


the hrst measurement [8(] has covered only the region of low momentum transfer because the 
IKAR active target was limited to the detection of recoil ions close to 6*iab ~ 90°. Recently, 
a new experimental setup has been designed to study proton induced reactions on the exotic 
nuclei in inverse kinematics using a liquid hydrogen target adapted to obtain low-background 
data [1^. The new setup was successfully used to measure the elastic ®’®He-|-p scattering 


at energies around 700 MeV/nucleon, and the measured cross section has been extended to 


the region of higher momentum trans 
that the considered ®’®He-|-p data 


er as compared to the previous experiments. We note 


12l | were originally deduced in terms of the scattering 


cross section versus the 4-momentum transfer squared {da/dt). For a comparison between 
the results of different models, it is more convenient to use the elastic ®’®He-|-p scattering 
cross section versus the scattering angle {da/dQ) in the center-of-momentum (c.m.) frame. 
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FIG. 1. (Color online) Elastic ®’®He+p scattering data at the energies around 700 MeV/nucleon 
measured by Neumaier et al. 8| and by Kiselev et al. {l^ at the low and high momentum transfers, 
respectively. 


The two cross sections are expressed through each other by the relativistic kinematics 13 1 

t 


cos6'c.m. = 1 + 


2F 


da{9c.r 


k‘^ da{t) 


( 1 ) 


dQ 71 dt 

Here —t and k are the 4-momentum transfer squared and c.m. momentum, respectively. In 
terms of the scattering angles, the new data points measured at high momentum transfer 


12| have reached the angular region around the hrst diffractive minimum (see Fig. [T]), and 
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should be, therefore, more sensitive to the inner radial part of the ground-state densities of 
the ®’®He nuclei. The (hrst) diffractive minimum was observed at 6c.m. ~ 20° 25° in the 

®He-|-p and ^He-|-p data taken at high momentum transfer. 

In the present work, the elastic ®’®He-|-p scattering data under study have been analyzed 
within the Glauber multiple-scattering model (GMSM) using the same phenomenological 
parametrizations of the matter densities of ®’®He as those used in the earlier GMSM analyses 




of the GSI data [l0|. Because the two measurements of Refs, js, 12|] were done practically at 
the same energy, it is possible to combine these two data sets in the present GMSM analysis. 


II. GLAUBER MULTIPLE-SCATTERING MODEL 

The basic formalism of the GMSM has been given in details in Ref. jo]. The GMSM was 
successfully used in Refs. QflQ to analyze the elastic ®’®He-|-p scattering data measured 
at low momentum transfer, and to deduce the nuclear matter density distributions for these 


nuclei. However, the GMSM calculations in Refs. 


lOj were performed without taking 


into account the spin-orbital (s/o) interaction, because the s/o effects were known to be 
negligible at the most forward angles (low momentum transfer) jsl. Given the new data 
measured at high momentum transfer which cover the hrst diffractive minimum, the s/o 
effects should be signihcant and can no more be neglected (see, e.g.. Fig. 23 of Ref. B) In 
the present work, the formalism of the GMSM that takes into account the s/o interaction 
has been used in the analysis of the new ®’®He-|-p data. 

The proton-nucleus elastic scattering cross section is determined from the elastic scatter¬ 
ing amplitude Fei as 


da I -r^ / \ 

dnc.m. ^ ^ 


In general, the scattering amplitude can be written as 10|, ll4| 


u.(,) = I 


f [1 - 7pAr(h - Sj)] I pAin, ra,..., r^) JJ d^rjd%. 

I i=i J i=i 


( 2 ) 


( 3 ) 


J=1 J J=L 

For the light He nuclei, the effect of the center-of-mass motion should be signihcant. To 
ehectively remove the spurious c.m. motion, the proton-nucleus scattering amplitude ([3]) is 
multiplied by a correction factor Hc.raXo) 


Hr 


[q) = exp 


_6(A- 1) 


( 4 ) 
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where i?ni is the root-mean-square matter radius. Such a procedure is exact for the nucleon 
distributions of Gaussian form, and also expected to be accurate for the cases of non- 
Gaussian distributions jsl. 


Like the previous GMSM studies [1^, we have used in the present analysis several density 
models that divide explicitly the nuclear many-body density pyi(ri, r 2 , r^) into the core 
Pc{r) and halo Ph{r) parts, so that 

4 A 

PA(ri,r 2 ,...,rA) = JJ Pcore(G) JJ Phalo(G)- (5) 


i=l 


j=5 


The representation ([5]) of the many-body density neglects the correlations between the nu¬ 
cleon locations, with a constraint that the positions of the core and halo nucleons are treated 
explicitly. In other cases, the nuclear many-body density has been simply assumed as a prod¬ 
uct of the one-body matter densities Pm(i") 


pA(ri,r2,...,rA) = Ylpmirj] 
i=i 


( 6 ) 


In the notations of Eq. ([3]), 6 is the impact parameter, q is the momentum transfer, and 
A is the nuclear mass number. The proton-nucleon {pN) profile function 7 ^/^ is determined 
from the amplitude fpN of the free pN scattering as 

1 , 


7piv(h) = 


27rik 


ex 


v{-iqb)fpN{q)d q. 


(7) 


In difference from Refs, j^, [w|, the present GMSM calculation adopts the following 
parametrization of fpN that takes into account also the s/o interaction 


fvN{q) = fpNiq) + X k)f^^{q), with b = b/b, k = k/k. 


( 8 ) 


Here, fpj^{q) and fp^{q) are the central and s/o parts of the pN scattering amplitude, cr 
is the Pauli spin operator. We have parametrized the amplitude in the same way as in 
Refs. [ 16 , 17|, taking into account explicitly the isotopic difference between the total neutron 
and proton cross sections. Thus, one has 




fpNiq) = '-T^i^pN + i) exp ( '7" ) , N = p,n 


fpNiq) = 


4:71 


q^fipN 


dTT V 4M2 


2 / ^2, 

{ias - l)Dsexp 


(9) 
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Here apN is the total pN cross section, parameters SpN and Os give the ratios of the real and 
imaginary strengths, (3pN and Ps are the slope parameters, Dg is the relative strength of the 
s/o amplitude, and M is the nucleon mass. 


In the present work we have assumed the same parameters for the central amplitude 
as those used earlier in Ref. |^, except the slope parameters j3pN that were hne tuned to 


obtain the best description of the elastic p+^He data at Ep ^ 700 MeV 


id in the GMSM 


calculation that takes into account the s/o interaction explicitly. The reason is that the fipN 


values used in Ref. 


10| were adjusted to the best GMSM description of the same p+'^He 


data without taking into account the s/o term. Thus, /3pAr and parameters of the s/o term 
have been readjusted in the present work to the best description of the elastic p+^He data 
at 700 MeV, as shown in Fig. [2l All the parameters used in the present GMSM calculation 
are given in Table [H with the newly obtained Dg, {3s, and ttg values being quite close to 


those suggested earlier in Ref. 


17l |. The GMSM results shown in Fig. [2] agree also with the 



FIG. 2. (Color online) Elastic p+^He scattering data measured at proton energies around 700 


MeV (circles 


and squares 


15l |l in comparison with the elastic scattering cross section given by 


the GMSM calculation (solid line), taking into account the s/o term and using a Gaussian density 
for ^He that gives = 1.47 fm. 
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TABLE I. Parameters of the central and s/o scattering amplitudes Q used in the present GMSM 
analysis of the elastic ®’®He+p scattering. 


System 

Ep 

^PP 

^PP 

^pn 

^pn 

Ppp 

f^pn 

Ds 

Oig 

Ps 


(MeV) 

(mb) 


(mb) 


(fnU) 

(fm^) 



(fnU) 

®He-|-p 

674 

41.9 

0.129 

37.4 

-0.283 

0.20 

0.24 

0.284 

13.50 

0.522 

®He-|-p 

717 

44.6 

0.069 

37.7 

-0.307 

0.20 

0.24 

0.284 

13.50 

0.522 


fully quantal optical model results given by the complex p+'^He optical potential obtained 
from the folding model calculation 20(] using the same Gaussian density for ^He and hnite- 
range t-matrix interaction by Franey and Love 2l|]. This validates the parameters chosen 
for the present GMSM calculation. 

Using the prohle function determined by the pN scattering amplitude ([9]) and treat¬ 
ing the Goulomb term in the standard way 

fl[l8| 


14l |. the proton-nucleus elastic scattering 

( 10 ) 


amplitude can be written as 

Fl{q) = \FoUq) + FM)? + \F,{q)\\ 
where F^ and F^ are the central and s/o proton-nucleus amplitudes |9l. Il8| 
Fc(g) = ikHcM{.q) J~ <^c(&)] exp[ixcoui{b)]Joiqb)bdb, 


Fs{q) =-kHcmiq) J Gsib) exp[ixcoui{b)]Ji{qb)bdb. 
The G functions contain explicitly the central and s/o contributions as 

f A A 

Gc(6) = G fill - L('’) + + nil - L('>) - L 


~i=i 

A 


t=i 

A 


( 11 ) 


( 12 ) 


G.m = ^ i fill - L('>) + L('')l - Ifli - L('>) - L(6)] 

li=i j=i 

The nucleon prohle functions T*^ and T*^ are determined as 

r;(6) = ~j f°MSj{il)M‘lb)qdg, 

r;(t) = -i/ f^MSMMqb'kdq. 

Here are the zero-th and hrst-order Bessel functions. Fcoui(?) and Xcoui(&) are the 


(13) 


Goulomb amplitude and phase, respectively 


14l |. In difference from the earlier GMSM 
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calculations 


QE 


10l |. the Sommerfeld parameter (used to determine the Coulomb term) 


obtained with the relativistic kinematics has been used in the present work. The form 
factor Sj{q) is determined by the Fourier transform of the single-particle density as 


sA<i) = 


Hcuiq) 


exp{iqr)pj{r)d^r. 


(14) 


When one writes explicitly the products in Eq. flT^ in terms of the nucleon prohle functions, 
the proton-nucleus scattering amplitude becomes a multiple scattering series {qI- When the 
s/o term is neglected, the amplitude ffTOj) is simplihed to that used in the earlier GMSM 
calculation that did not take into account the s/o interaction QflQ. 


III. NUCLEAR DENSITIES 


Parametrization of the nuclear matter distribution 


In addition to the proton-nucleon scattering amplitudes, the nuclear matter density dis¬ 
tribution is a vital input of the Glauber model calculation. Like in the previous studies 
10 ,11^, the nucleon point-density has been parametrized in the following phenomenological 


forms. 


1. The symmetrized Fermi (SF) density 


The SF density distribution is parametrized as 


Pm(r’) = 




. , vra V 


n -1 


sinh ( — 
a 


cosh ( — 
a 


cosh ( - 

.a 


-1 


(15) 


where Rq is the half-density radius (at which the density becomes twice smaller than at 
the origin) and a is the diffuseness parameter. The corresponding root-mean-square (rms) 
matter radius i?m is given by 


Rra = {rY^ = 


1/2 


Rf] 


1 + 


7 


vra Y 


^ \Ro J 


1/2 


(16) 























2. The Gaussian-Halo (GH) density 


The GH density distribution is determined as a function of the rms radius Rm as 


Pm(r) = 


27ri?^ 


3/2 


[1 + aip{r)] exp 


3r^ 




with 


if{r) = 


5-10 




R„ 


(17) 


(18) 


3. The Woods-Saxon (WS) density 

The WS density has been used by Glauber in his pioneering work 

G 


Pm{r) = 


1 + exp 


r - Rr 


( 19 ) 


where Rq and a are the same parameters as those used in Eq. flT^ . and C is normalized 
such that (IT^ is the nucleon point-density. 

4-. The Gaussian-Gaussian (GG) density 


In the GG parametrization the locations of the core and halo nucleons are treated explic¬ 
itly, with both the core and halo densities assumed to be in the Gaussian form 101 

3/2 


Pcore(halo) ('^) — 




exp 


3r" 


2^cV), 


( 20 ) 


5. The Gaussian-Oscillator (GO) density 


The GO density has the same Gaussian core as in the GG case, but the halo distribution 


is parametrized using the p-shell harmonic oscillator wave function 

3r^ 


ml 


M I 3 V"' 

Pc.„(r)=(^j exp 


5 / 5 / r \ ^ / 5r2 


2 


2ltV ' 


( 21 ) 


Because the GG and GO models allow to treat the core and halo nucleons explicitly, the 
nuclear volumes of ®He and ®He can be assumed to be composed of an a-like core plus 2 
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and 4 halo neutrons, respectively. The nuclear many-body density based on the GG and 
GO parametrizations can be expressed as ([5]). We can further write 

Pm(^) [.^corePcore (r) + iVhaloPhalo(’")]M5 (22) 


where Pcore(haio) are normalized to unity like pm, and Wore and Waio are the nucleon numbers 
in the core and halo volumes, respectively. From Eq. fl22p one obtains the rms matter radius 
of the nucleus as 


R 


m 



(23) 


The core and halo radii (W and i?h) are determined by the same Eq. (|23|) using pcore and 
Phaio, respectively. 


B. procedure for the density parameters 


Each phenomenological density distribution determined above has two free parameters 
(like Rq and a in the SF and WS parametrizations). The aim of the present analysis is to hnd 
the optimal values of these parameters based on the best GMSM description of the experi¬ 
mental data. In the x^”fit procedure, the density parameters are varied independently from 

each other, and the statistical errors as well as the uncertainty in the absolute normalization 

□ 

of the measured scattering cross sections are taken properly into account |inl |. 

The elastic scattering cross sections at the low and high momentum transfers were mea¬ 
sured at practically the same energy, and this allows us to combine both data sets in the 
present analysis. Thus, the function is determined as 


= 


^ .d.L(Tgxp(0j) 
j=l - 




Ml-1 

V 


^^exp ) 




k=l 


AHC^exp(^A;) Crcal(^fc) 

A(Jgxp(0fc) 




(24) 

■^exp / \ ““ "^exp / 

where crgxp(6*j) = [da/dQc.m.{^j)]exp and Aae^p{9j) are the experimental differential cross 
sections measured at 9j and their statistical errors, and crcai{9j) = [da/dQc.m.{^j)]cai are the 
calculated cross sections. W, and Nh are the number of data points measured at low js] and 


high momentum transfers 


ivr a 

ml 


respectively. Al and Ah are the absolute normalization of the 


data points at low and high momentum transfers, and they are treated as free parameters 
in the x^-ht, with the estimated uncertainties of the absolute calibration AAg 3% js] 


and 


2.4% 


12| 
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IV. RESULTS OF THE GMSM ANALYSIS AND DISCUSSION 


A. The matter radii and matter distributions of ®’®He 

The analysis has been done carefully for each density parametrization to obtain the 
best GMSM description of the elastic ®He and ®He scattering data measured at the energies 
of 717 and 674 MeV/u, respectively. All the best-£t parameters are presented in Tables ITTI 
and mil The elastic ®’®He+p scattering cross sections given by the GMSM calculation using 
the best-£t parameters (see Tables HIl and IIIip of the nuclear matter densities are compared 
with the data in Figs. |3]and|ll Focusing on the new data points measured at high momentum 
transfer, one can see that the hrst diffraction maximum in the elastic scattering cross section 
is now fully covered by the data and it turned out that the combined data set allowed for 
an improved determination of the parameters of the density distribution. The data and the 
calculated cross sections divided by the Rutherford cross section are presented in Figs. [3] and 
m and one can see that the elastic ®’®He+p scattering at the considered energies is strongly 
dominated by the nuclear scattering, and that allows the hne-tuning of the density inputs 

TABLE II. The best-fit parameters of the nuclear densities (jl5p - (l2ip obtained from the present 
GMSM analysis of the combined set of the elastic ®He-|-p scattering data measured at low Q] and 
high momentum transfer [l^. The relative is per data point, and the errors are statistical. The 
neutron radius is determined with the assumption that the proton and core radii are the same, 
i.e., Rp = Re- The COSMA density (I25p is parametrized by the same functional as that of the GO 
density model, with the corresponding parameters given in round brackets. 


density 

Al 

Ah 

density parameters 

Rm 

Xr 

Rn 

Rn — Rp 




(fm) 

(fm) 

(fm) 


(fm) 

(fm) 

GG 

1.04(3) 

1.09(4) 

Rc=l-96(4) 

Rh=3.30(12) 

2.48(6) 

1.41 

2.71(7) 

0.75(8) 

GO 

1.05(2) 

1.04(2) 

Rc=l-90(3) 

Rh=3.26(13) 

2.44(5) 

0.88 

2.67(8) 

0.77(9) 

GH 

1.04(3) 

1.09(3) 

R„,=2.45(4) 

a=0.12(2) 

2.45(4) 

1.39 



SF 

1.05(4) 

1.09(3) 

Ro=l-00(8) 

a=0.61(2) 

2.40(5) 

1.55 



WS 

1.04(2) 

1.07(3) 

R=0.99(5) 

a=0.63(2) 

2.45(6) 

1.00 



COSMA 

1.00 

1.00 

a=1.55 (Rc=L90) 

6=2.12 (Ah=3.35) 

2.48 

1.49 

2.72 

0.82 
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for the GMSM calculation by the y^-ht procedure (1^ . 


From a comparison of the best-fit matter radii obtained in the present work for °’^He 


with the results of the earlier GMSM analysis 


10| based on the low-momentum data only 


8|, we found that the newly obtained Rm values are slightly larger than those reported in 


Ref. 


Q 


In terms of t 


le fit, the accuracy of the present GMSM analysis is about the 


same as that of Ref. [l0|. The nuclear radii obtained in the present work are also in a sound 
agreement with the empirical matter radii of ®’®He discussed recently by Tanihata et al. 
in Ref. j^. The GG and GO density models treat the core and halo parts explicitly, and 
we could determine from our GMSM analysis the neutron skin of 0.76(10) and 0.94(13) fm 
for ®He and ®He, respectively. Such neutron skins are much thicker than, e.g., the neutron 
skin of around 0.2 ~ 0.3 fm established for the heavy nucleus with a large neutron 

excess, and clearly associated with the halo structure of the ®He and ^He isotopes. It is 
noteworthy that both the GG and GO density models give the best-fit core radius for ®He 
slightly larger than that for ®He, and that makes the difference in the observed neutron 
skin because the neutron radii are about the same for the two nuclei. Such an effect was 
also found in the earlier GMSM analysis of the elastic ®’®He-|-p scattering data taken at 
low-momentum transfer |^, and it might be due to different polarizing contributions of 
the valence neutrons to the motion of the a-core. Quite complementary to this discussion 
are the high-precision laser spectroscopy data that yield a charge radius of 2.068(11) fm for 
®He, which is significantly larger than the charge radius of 1.93(3) fm obtained for ®He 22 |. 


TABLE III. The same as table U but for the ®He-|-p system 


density 

Al 

Ah 

density parameters 

Rm 

Xr 

Rn 

Rn — Rp 




(fm) 

(fm) 

(fm) 


(fm) 

(fm) 

GG 

1.00(2) 

0.99(6) 

Rc=1.81(6) 

Rh=3.12(13) 

2.55(8) 

1.35 

2.75(10) 

0.94(12) 

GO 

1.03(2) 

0.95(7) 

Rc=L69(6) 

Rh=2.99(14) 

2.43(9) 

1.50 

2.63(11) 

0.94(12) 

GH 

1.01(2) 

0.98(6) 

Rm=2.50(5) 

0=0.13(4) 

2.50(5) 

1.35 



SF 

1.01(2) 

0.96(5) 

Ro=0.66(4) 

a=0.66(2) 

2.51(7) 

1.16 



WS 

1.01(2) 

0.97(5) 

R=0.80(8) 

a=0.66(2) 

2.51(5) 

1.15 



GOSMA 

1.00 

1.00 

0=1.38 (Rc=1.69) 

6=1.99 (Rh=3.15) 

2.53 

2.15 

2.75 

1.06 
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FIG. 3. (Color online) Elastic ®He+p scattering cross sections (divided by Rutherford cross section) 
obtained with the GMSM calculation (solid curve) using the best-fit parameters of the GG (a) and 
GO (b) models of the nuclear density, in comparison with the data measured by Neumaier et al. 


a 


3 and by Kiselev et al. {l^ at low and high momentum transfers, respectively. The dash-dotted 
curves were obtained with the best-ht parameters of the GG and GO density models taken from 


Ref. 




and the dashed curves were obtained with the ®He density given by the cluster-orbital 


shell-model approximation (COSMA) 


231]. 


After the standard correction for the hnite size of the proton jSjj, we can obtain the proton 
radii of 1.925(12) and 1.81(3) fm for ®He and ®He, respectively, from the laser spectroscopy 
data. Such proton radii are in a good agreement with the core radii of ®He and ®He given 
by the present GMSM analysis (see Rc values in Tables UTI and ITTT)) . 
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FIG. 4. (Color online) The same as Fig. [3] but for the ®He+p scattering. 


To compare with the available results for the microscopic nuclear densities predicted by 
the cluster-orbital shell-model approximation (COSMA) 23|, we have also used the COSMA 
densities as input for the present GMSM calculation, and the results are presented in Ta¬ 
bles m and im and Figs. [3] and IH One can see that the COSMA densities give a good 
description of the ®He-|-p data, but fail to account for the data points taken at angles be¬ 
yond the diffractive minimum for the ®He-|-p system. Because the newly measured data 
points at large angles allowed us to improve the density parameters of the density models, 
;hese data are also helpful in hne-tuning the existing parameters of the COSMA densities 
23l |. Namely, from the explicit expression of the COSMA density 




7rT2a3 


3nW 


(25) 
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FIG. 5. (Color online) The average nuclear matter density distribution of ®He (upper panel) 
deduced from the GMSM fit to the data using the present SF, GH, WS, GG and GO parametriza- 
tions, with the uncertainty band determined by the statistical errors of the best-fit parameters of 
the density models. The same density is plotted in logarithmic scale in the lower panel to illustrate 
the uncertainty at large radii. 

we find immediately from the best-fit parameters of the GO model in Tables UTI and HTTI that 
the improved a and b parameters of COSMA are 1.55(2) and 2.06(8) fm, respectively, for 
®He, and 1.38(5) and 1.89(9) fm for ®He. 

With the new parameters of the considered density models given in Tables HIl and [ITl it is 
of interest to construct the average radial shape of the nuclear matter density distributions 
for the ®He and ®He isotopes. The radial prohles of the nuclear matter densities of the 
®He and ®He isotopes based on the best-£t parameters of 5 density models are plotted in 


15 





FIG. 6. (Color online) The same as Fig. [5] but for the matter distribution of ®He. 


Figs. |5] and [6l respectively. The errors in tables UTI and IIIII are statistical errors coming from 
fitting and data point normalization. The total errors should have included, in addition, the 
contribution from the uncertainties in the pN scattering amplitudes, the t-scale calibration, 
and model uncertainty ij. Thus, the hnal averaged nuclear matter radii of the ®He and 
®He isotopes obtained from the consistent GMSM analysis using the hve phenomenological 
parametrizations of nuclear matter density are 


= 2.44 ± 0.07 fm for ®He, 
Rrr. = 2.50 ± 0.08 fm for ®He. 


We note further, in connection with the realistic core (or proton) radii of the ®He and ®He 
nuclei discussed above, the results of the Glauber few-body calculation [ll| of the elastic 
®’®fle+p scattering that gives a very nice description of the data measured at low transfer 
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momentum, using the microscopic few-body model that gives the nuclear matter radii of the 
®He and ®He nuclei ~ 2.50 and 2.60 fm, respectively. These values are somewhat larger 
than those obtained in Ref. (based on the data measured at low transfer momentum) and 
in the present work (based on the complete data set extended to high transfer momentum). 
A likely reason for such a disagreement is the assumption of the rigid a-core of the fixed 
radius Rc ~ 1.49 fm in the few-body calculation, which is not the case in view of the high- 


22 1 that give the proton radii of 1.925(12) and 1.81(3) fm 


precision laser spectroscopy data 
for ®He and ®He, respectively. Such an effect is expected to be due to the different polarizing 
contributions of the valence neutrons to the motion of the a-core in these two nuclei j^. It 
is, therefore, of high interest to have the few-body calculation [ll| redone using the quoted 
experimental values for the a-core radius. 


B. Sensitivity of the data to the core and halo parts of the matter distribntion, 
and to the spin-orbit term 

Taking into account the new data taken at high momentum transfer, it is naturally to 
expect that these data points are more sensitive to the inner part of the density distribution 
compared to the sensitivity of the data taken at low momentum transfer only. We have 
made, therefore, some comparisons of the GMSM results obtained for the ®He-|-p case with 
the halo or core radius of the GG or GO density model fixed, and the other radius (core 
or halo) being changed up and down by about 0.1 fm from the best-£t values given in 
Table mu From the GMSM results shown in the upper panel of Fig. Hone can see that the 
data measured at high momentum transfer are indeed sensitive to the core part of the density 
distribution of ®He. A similar variation of the halo radius resulted on a much smaller change 
in the calculated elastic scattering cross section that is hardly visible in the logarithmic 
scale (lower panel of Fig. [7]). Similar results were also found for the ®He-|-p case, and these 
results conhrm that the elastic scattering data measured at high momentum transfer are 
very valuable for a precise determination of the core matter density of a halo nucleus. Note 
that the GG and GO density parametrizations are defined with an assumption that both 
the ®He and ®He nuclei have a a-like core. The present GMSM analysis using the GG and 
GO density parametrizations has reached a good fit of the data (see values in Tables UTl 
and miD and we obtained the following average core and halo radii of the two He isotopes 
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FIG. 7. (Color online) The sensitivity of the elastic ®He+p data to the core (a) and halo (b) parts 
of the GG density of ®He being used in the GMSM calculation. See text for more details. 

Rc = 1.93 ± 0.06 fm, = 3.28 ± 0.13 fm for ^He, 

Rc = 1.75 ± 0.08 fm, R^ = 3.06 ± 0.14 fm for ®He. 

As discussed above, the a-core radius of ®He is slightly larger than that of ®He, and the Rc 
values are quite close to the proton radii of ®He and ®He deduced from the laser spectroscopy 
data. This is a clear indication of the different polarizing contributions of the valence 
neutrons to the motion of the a-core in the ®’®He nuclei. 

We note further that the inclusion of the spin-orbit amplitude into the GMSM calculation 
is necessary for the analysis of the elastic data measured at large scattering angles or high 
momentum transfer. The GMSM results plotted in Fig. [8] show clearly the important contri¬ 
bution of the s/o term around the hrst diffractive minimum as discussed earlier by Alkhazov 
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FIG. 8. (Color online) Results of the GMSM calculation of the elastic ®’®He+p scattering using 
the GO density models, with or without the inclusion of the spin-orbit term. 


The full GMSM calculation with both the central and s/o amplitudes included also 
resulted on slightly larger matter radii for ®’®He nuclei, which are closed to the empirical 
values [^. 


C. Nuclear geometry for the 2-neutron halo in the ®He nncleus 

In this section, we apply our GMSM results to the 2-neutron halo geometry like that 
used by Tanihata et al. in Ref. [sl for ®He. In this model, the core is assumed to be a 
free core nucleus that moves around the nuclear center of mass, like the 2-neutron halo 
does. As a result, the size of the effective core is bigger than the free a-particle, and the 
extended matter distribution is mainly determined by the location of the 2-neutron halo. 
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FIG. 9. The nuclear geometry for a 2-neutron halo nucleus. See text for more details 

The geometrical model of the Borromean ®He nucleus is shown in Fig. [9l where the nuclear 
radii under discussion are dehned. 

Because the core is an a-cluster, the matter, proton and neutron radii of the core nucleus 

n 

can be assumed equal Tsm = ^sp = r^n = 1-46 fm [31]. Using these values and i?m, Re, Rh, Rn 
radii given by the present GMSM analysis with the GG and GO density models, the radii 
of the geometry shown in Fig. [9] can be determined as. 

• The distance pc between the nuclear center of mass and the core center is 

Pc = VR^-r^ra- (26) 

• The vector i? 2 n joining the nuclear center of mass and the midpoint of the line con¬ 
necting the two halo neutrons is determined from the balancing condition 

AePe = A^R 2 n, where Ac = 4, A^ = 2. (27) 

• The distance i?c- 2 n from the core center to the two halo neutrons is 

Rc-2n = Pc + R2n- (28) 
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TABLE IV. The radii (in fm) of the geometrical model [sl] for the 2-neutron halo nucleus ®He in 
comparison with the results of the present work. 


^He 

Definition from Ref. [3] 

Present work 

Ref. [3] 

Rm 

Rm 

2.44(7) 

2.43(3) 

Rp 

Rc 

1.93(6) 

1.912(18) 

Rh 

Rh 

3.28(13) 

3.37(11) 

Rn 

Rn 

2.69(9) 

2.65(4) 

Rn - Rp 

Rn - Rp 

0.76(10) 

0.808(47) 

Pc 

(Rc - 

1.26(7) 


R2n 

d^c/d-hPc 

2.52(13) 

2.52(5) 

Rc-2n 

Pc + R2n 

3.79(14) 

3.84(6) 

^di—n 

{Rl - 

2.09(25) 


^n—n 

2i?di-n 

4.19(49) 

3.93(25) 

Rul ‘Rn2 

{AIpI - Rl_^)/A 

1.99(119) 

2.70(97) 


• The distance i?n-n between the two halo neutrons is given by 

Rn-n = 2i?di-n, where Rl = Rl^ + i?di-n- (29) 

• The radial correlation of the two halo neutrons is determined as 

= [AIpI - i?Lj/4. (30) 

The results obtained for the considered geometrical model of ®He are summarized in 
Table HVl and one can see a good agreement of our results with those determined in Ref. j^. 
Despite the simplicity, the considered geometrical model gives a good illustration of the 
core movement inside a 2-neutron halo nucleus, which can be estimated by the difference 
between the core matter radius and that of the free core nucleus. For the a-core this is just 
the difference between the proton radius of the free a-particle and that of the considered halo 
nucleus because protons are distributed in the a-core only. In a similar manner, one might 
suggest the geometry for ®He, but in this case 4 halo neutrons are distributed uniformly 
against the a-core, and the polarizing contributions of the valence neutrons to the motion 
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of the a-core should be weaker than that found in the case of ®He. A direct consequence is a 
smaller core radius of ®He compared to that of ®He as found in the present GMSM analysis. 
It is noted that the ®He geometry can be considered to have 2 halo neutrons 2^. In this 
case, the same procedure is applied to determine the nuclear radii as discussed above but 
now the compact core is ®He. 


V. SUMMARY 


The detailed GMSM analysis of the latest experimental data of the elastic ®’®He+p scat¬ 
tering at 717 and 674 MeV/u has been performed. Based on the new data points measured 
up to the hrst diffractive minimum, the nuclear radii as well as the radial shape of the matter 
distribution of these helium halo nuclei have been determined, and the results are in a sound 
ag_ w.h the .eceat of these quantities given .n Ref. fi. 

The sensitivity of the new data points taken at large momentum transfer to the core 
radius of the ®’®He nuclei as well as to the spin-orbital term in the GMSM calculation was 
demonstrated. The combined data set taken at both low and high momentum transfer were 
used to hne-tune the parameters of the nuclear densities of ®’®He based on the cluster-orbital 


shell-model approximation 
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The core and halo radii obtained from the present GMSM analysis were used in a geomet¬ 
rical model suggested for the Borromean nucleus ®He to determine various size parameters 
of this nucleus, and the results agree with those obtained in Ref. [^. The enhancement of 
the a-core radius of ®He compared to that of ®He found in the present GMSM analysis can 
be qualitatively understood in that simple geometrical picture. 
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